AFRL-AFOSR-VA-TR-20 16-03 19 


Chirality- Controlled  Growth  of  Single- Wall  Carbon  Nano  tubes 

Using  Vapor  Phase  Epitaxy:  Mechanistic  Understanding  and  Scalable  Production 


Chongwu  Zhou 

UNIVERSITY  OF  SOUTHERN  CALIFORNIA  LOS  ANGELES 
UNIVERSITY  GARDENS  STE  203 
LOS  ANGELES,  CA  90089-0001 


09/15/2016 
Final  Report 


DISTRIBUTION  A:  Distribution  approved  for  public  release. 


Air  Force  Research  Laboratory 
AF  Office  Of  Scientific  Research  (AFOSR)/RTB2 


https://livelink.ebs.afrl.af.mil/livelink/llisapi.dll 


9/21/2016 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  0704-0188 

The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of 
information,  including  suggestions  for  reducing  the  burden,  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188), 
1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any 
penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid  OMB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1.  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

15-06-2016  final 

3.  DATES  COVERED  (From  -  To) 

Jun  2014  -  Jun  2016 

4.  TITLE  AND  SUBTITLE 

Chirality-controlled  growth  of  single- wall  carbon  nanotubes  using  vapor  phase 
epitaxy:  mechanistic  understanding  and  scalable  production 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

FA9550-14-1-01 15 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

Zhou,  Chong wu 

Zheng,  Ming 

Liu,  Bilu 

Liu,  Jia 

Wu,  Fanqi 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

University  of  Southern  California,  Los  Angeles,  California  90089,  United  States 

National  Institute  of  Standards  and  Technology,  Gaithersburg,  Maryland  20899,  United 
States 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Office  of  Scientific  Research,  Arlington,  VA  22203 

10.  SPONSOR/MONITOR  S  ACRONYM(S) 

AFOSR 

11.  SPONSOR/MONITOR  S  REPORT 

NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  is  Unlimited. 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

In  this  report,  we  present  our  efforts  in  establishing  a  novel  and  effective  approach  for  chirality-controlled  synthesis  of  single- wall 
carbon  nanotubes.  Firstly,  we  have  successfully  demonstrated  a  vapor-phase-epitaxy-analogous  general  strategy  for  producing 
nanotubes  of  predefined  chirality.  By  combining  nanotube  separation  with  synthesis,  we  have  achieved  controlled  growth  of 
nanotubes  with  preselected  chirality.  Moreover,  we  carried  out  systematic  investigations  of  the  chirality-dependent  growth  kinetics 
and  termination  mechanism  for  the  vapor-phase  epitaxial  growth  of  seven  different  single-chirality  nanotubes  of  (9,  1),  (6,  5),  (8,  3), 
(7,  6),  (10,  2),  (6,  6),  and  (7,  7),  covering  near  zigzag,  medium  chiral  angle,  and  near  armchair  semiconductors,  as  well  as  armchair 
metallic  nanotubes.  Furthermore,  we  explored  and  successfully  managed  to  elongate  organic  synthesized  (5,  5)  end-cap  molecules 
into  small-diameter  nearly-pure-semiconducting  single- wall  carbon  nanotubes  with  vapor-phase-epitaxy  cloning  approach. 


15.  SUBJECT  TERMS 

Carbon  nanotubes,  chirality,  vapor  phase  epitaxy,  growth  rate,  lifetime,  termination  mechanism,  semiconducting,  end-cap  molecules 


|  16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

18.  NUMBER 
OF 

PAGES 

28 

19a.  NAME  OF  RESPONSIBLE  PERSON 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

Zhou,  Chongwu 

UU 

19b.  TELEPHONE  NUMBER  (Include  area  code) 

(213)740-4708 

DISTRIBUTION  A:  Distribution  approved  for  public  releis^ 


Reset 


Standard  Form  298  (Rev.  8/98) 

Prescribed  by  ANSI  Std.  Z39.18 


AFOSR  Final  Performance  Report 
Chirality-Controlled  Growth  of  Single-Wall  Carbon  Nanotubes 
Using  Vapor  Phase  Epitaxy:  Mechanistic  Understanding  and  Scalable  Production 

PI:  Chongwu  Zhou 
University  of  Southern  California 
Co-PI:  Ming  Zheng 

National  Institute  of  Standards  and  Technology  (NIST) 


Introduction 

Single-wall  carbon  nanotubes  (SWCNTs)  possess  superior  electrical  and  optical  properties,  and 
hold  great  promise  for  electronic  and  biomedical  applications1'10.  As  the  electronic  property  of  an 
SWCNT  strongly  depends  on  its  chirality,  the  lack  of  synthetic  control  in  chirality  has  long  been 
recognized  as  a  fundamental  impediment  in  the  science  and  application  of  SWCNTs.  Previous 
efforts  to  address  this  issue  have  resulted  in  significant  progress  in  separation  of  synthetic  mixtures, 
yielding  predominantly  single-chirality  nanotube  species11"15.  However,  separation  processes  are 
limited  by  their  small  scale,  high  cost  and  short  length  (<500  nm)  of  the  resulting  chirality-pure 
nanotubes.  They  are,  therefore,  not  suitable  for  many,  especially  electronic  device  applications. 

Realistic  application  of  SWCNTs  in  electronic  devices  and  integrated  circuits  requires  that  the 
electronic  type  of  the  nanotubes  be  well  controlled.  Selective  synthesis  of  semiconducting  or 
metallic  predominated  SWCNTs  has  already  been  achieved  through  controlled  chemical  vapor 
deposition  (CVD)  growth16'18,  enabling  the  fabrication  of  nanotube  field-effect  transistors  using 
predominantly  semiconducting  SWCNTs19,  20.  As  a  next  step,  synthesis  of  SWCNTs  with 
predefined  chirality  is  highly  desired.  However,  this  goal  has  remained  elusive  for  some  time  in 
the  nanotube  field.  For  metal-catalyzed  nanotube  synthesis  by  CVD,  it  is  generally  believed  that 
the  diameters  of  the  nanotubes  are  determined  by  the  size  of  the  catalytic  metal  particles. 
Unfortunately,  attempts  to  control  the  size  of  the  catalysts  in  hope  of  achieving  chirality-controlled 
nanotube  growth  have  not  been  successful21.  Nanotube  ‘cloning’  has  been  studied  with22, 23  and 
without24  metal  catalyst  particles  showing  various  degree  of  success;  however,  controlled  synthesis 
of  nanotubes  with  predefined  chiralities  has  not  been  achieved.  In  contrast,  vapour-phase  epitaxy 
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(VPE)  such  as  molecular  beam  epitaxy  and  metal  organic  CVD  has  long  been  used  by  the 
semiconductor  industry  to  grow  two-dimensional  epitaxial  films,  which  can  preserve  the 
crystalline  structure  of  the  starting  substrate.  It  is,  therefore,  very  intriguing  to  explore  the  potential 
of  using  YPE  for  one-dimensional  nanotube  synthesis. 

In  this  report,  we  present  our  efforts  in  establishing  a  novel  and  effective  approach  for  chirality- 
controlled  synthesis  of  SWCNTs.  Firstly,  we  have  successfully  demonstrated  a  VPE- analogous 
general  strategy  for  producing  nanotubes  of  predefined  chirality25.  By  combining  nanotube 
separation  with  synthesis,  we  have  achieved  controlled  growth  of  nanotubes  with  preselected 
chirality.  Moreover,  we  carried  out  systematic  investigations  of  the  chirality-dependent  growth 
kinetics  and  termination  mechanism  for  the  vapor-phase  epitaxial  growth  of  seven  different  single¬ 
chirality  nanotubes  of  (9,  1),  (6,  5),  (8,  3),  (7,  6),  (10,  2),  (6,  6),  and  (7,  7),  covering  near  zigzag, 
medium  chiral  angle,  and  near  armchair  semiconductors,  as  well  as  armchair  metallic  nanotubes26. 
Furthermore,  we  explored  and  successfully  managed  to  elongate  organic  synthesized  (5,  5)  end- 
cap  molecules  into  small-diameter  nearly-pure- semiconducting  SWCNTs  with  VPE  cloning 
approach27.  All  the  results  presented  in  this  report  not  only  demonstrate  a  highly  robust  strategy, 
VPE  cloning  approach,  to  achieve  chirality-predefined  synthesis  of  SWCNTs,  but  also  deepen  our 
understanding  of  the  chirality-dependent  SWCNT  growth  kinetics  and  the  underlying  mechanism. 


Chirality-controlled  growth  of  SWCNTs  using  VPE  cloning  approach 

In  this  section,  we  report  our  results  of  developing  the  VPE  cloning  approach  for  chirality  pre¬ 
selected  synthesis  of  SWCNTs25.  In  our  VPE  cloning  strategy,  we  combined  nanotube  separation 
with  CVD  synthesis  together  in  order  to  achieve  controlled  growth  of  nanotubes  with  preselected 
chirality.  Tremendous  progress  has  been  made  in  recent  years  in  SWCNT  separation11'15, 28, 29 .  In 
particular,  DNA-based  chromatographic  separation  allows  purification  of  both  semiconducting 
and  metallic  single-chirality  SWCNTs  through  the  use  of  different  DNA  sequences12,  29.  In  this 
work,  three  exemplary  chirality-pure  (7,  6),  (6,  5)  and  (7,  7)  SWCNT  seeds  with  purity  up  to  90% 
are  used.  These  serve  as  the  starting  templates  for  the  ensuing  catalyst-free,  chirality  controlled 
nanotube  cloning  process. 
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The  schematic  of  the  chirality-controlled  SWCNT  cloning  process  is  illustrated  in  Fig.  la. 
Firstly,  chirality-pure  SWCNT  seeds  obtained  from  the  DNA-based  separation  were  deposited 
onto  the  growth  substrates  using  drop  coating  and  incubation  with  different  durations.  The  as- 
deposited  seeds  then  went  through  an  air  and  water  vapour  annealing  process.  This  step  removes 
the  DNA  wrapped  on  the  nanotube  seeds  and  activates  the  nanotube  ends  so  that  carbon  reaction 
intermediates  from  decomposed  feed  stock  can  be  efficiently  added.  Both  methane  and  ethanol 
were  found  to  be  suitable  as  the  carbon  source  to  achieve  chirality-controlled  growth  from  these 
seeds. 

We  used  atomic  force  microscopy  (AFM)  and  scanning  electron  microscopy  (SEM)  to 
characterize  SWCNTs  before  and  after  VPE  cloning.  Representative  AFM  images  of  (7,  6) 
SWCNT  before  and  after  cloning  using  ethanol  on  quartz  substrates  are  presented  in  Fig.  lb.  The 
average  length  of  the  nanotubes  after  cloning  was  measured  to  be  34.5+17.7  pm  (Fig.  lb), 
significantly  longer  than  the  average  length  of  0.34+0.15  pm  for  the  as-purified  (7,  6)  nanotube 
seeds  (Fig.  lb).  The  measured  diameter  of  the  cloned  nanotubes  were  approximately  0.9  nm, 
consistent  with  the  (7,  6)  nanotube  diameter  (d=0.89  nm).  As  control  experiments,  blank  quartz 
substrates  and  quartz  substrates  deposited  with  DNA  solution  but  without  any  nanotube  seeds  were 
subjected  to  the  air  and  water  vapour  annealing,  and  then  the  VPE  cloning.  No  nanotube  growth 
was  observed  after  the  VPE  process.  This  demonstrates  that  the  long  SWCNTs  were  indeed  grown 
from  the  nanotube  seeds. 

We  show  that  purified  single-chirality  nanotube  seeds  of  both  semiconducting  and  metallic 
SWCNTs  are  significantly  elongated  through  a  catalyst-free  VPE  process,  producing  horizontally 
aligned  SWCNT  arrays  on  quartz  substrates  and  randomly  oriented  SWCNTs  on  Si/SiCE  substrates, 
with  lengths  more  than  tens  of  micrometres.  Raman  characterization  confirms  that  the  original 
chiralities  of  the  nanotube  seeds  are  preserved  in  the  extended  portion  of  the  nanotubes,  and  the 
semiconducting  nature  of  the  grown  (7,  6)  and  (6,  5)  SWCNTs  are  further  confirmed  using 
electrical  measurements  on  individual  nanotubes. 

Besides,  we  also  carefully  studied  the  effect  of  substrates  on  the  VPE  cloning  process.  On 
Si/Si02  substrates  (Fig.  lc),  random  orientation  was  observed  for  the  cloned  nanotubes  irrespective 
of  the  gas  flow  direction.  For  nanotube  cloning  performed  on  the  ST-cut  quartz  substrates  (Fig. 
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Id),  the  cloned  SWCNTs  were  found  to  be  horizontally  aligned  along  the  crystal  orientation30. 
This  should  be  very  useful  for  the  fabrication  of  nanotube  transistors  and  integrated  circuits. 

Overall,  the  nanotube  VPE  process  was  found  to  be  very  robust  and  highly  reproducible. 
Various  carbon  feed  stocks  including  methane  and  ethanol,  and  different  nanotube  seeds  including 
(7,  6),  (6,  5)  and  (7,  7)  were  used  successfully.  The  SEM  image  of  (7,  6)  nanotubes  cloned  with 
methane  (Fig.  le)  and  ethanol  (Fig.  lc  and  Fig.  Id)  indicate  that  similar  growth  were  achieved  for 
different  carbon  sources. 


a 


Chirality-pure  seeds  from 
DNA-based  separation 


Deposition  of 


Chirality-pure  nanotube  seed 


Cloned  nanotube  after  VPE 


Vapor  phase  epitaxy 
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at  900  °C 
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Before  VPE  cloning 
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(7,6)  nanotubes 
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Figure  1.  (a)  Schematic  illustration  of  the  VPE  process  for  chirality  controlled  SWCNT  synthesis,  (b)  AFM 
images  and  length  distribution  of  the  (7,  6)  nanotubes  before  and  after  VPE  using  ethanol  on  quartz 
substrates.  (c,d)  Comparison  of  (7,  6)  nanotubes  cloned  on  quartz  (d)  and  Si/SiCE  (c)  substrates,  (e)  An 
SEM  image  showing  (7,  6)  nanotubes  cloned  on  the  quartz  substrate  using  methane.  Scales  bars,  50  pm  for 
(c,d),  30pm  for  (e). 

In  order  to  determine  whether  the  original  chiralities  were  preserved  during  the  cloning  process, 
we  used  micro-Raman  to  characterize  the  pristine  and  cloned  SWCNTs.  For  the  (7,  6)  case,  we 
used  1.96  eV  laser  excitation,  which  is  close  to  the  second  optical  transition  E22=1.92  eV  of  the  (7, 
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6)  nanotubes31.  To  further  enhance  the  signal-to-noise  ratio,  surface-enhanced  Raman 
spectroscopy  was  used  after  e-beam  evaporation  of  5  nm  silver  on  the  substrate.  The  radial 
breathing  mode  (RBM)  Raman  spectra  taken  at  different  random  locations  on  the  substrates  before 
and  after  cloning  are  presented  in  Fig.  2a, b,  respectively.  For  small  diameter  nanotubes  such  as  (7, 
6),  (6,  5)  and  (7,  7),  adjacent  nanotubes  have  very  distinct  RBM  frequencies  (Fig.  2f)32,  allowing 
unambiguous  chirality  assignment  by  determining  the  RBM  frequency  and  the  laser  excitation 
energy.  Fig.  2a, b  show  predominant  peaks  at  265  cm'1,  which  correspond  to  the  RBM  of  (7,  6) 
nanotubes,  indicating  that  the  chirality  is  indeed  preserved  in  the  cloned  nanotubes.  The  minority 
peaks  at  300  and  307  cm'1  can  be  attributed  to  the  (8,  3)  and  (9,  1)  impurities.  We  have  also 
performed  Raman  mapping  along  a  specific  nanotube  as  shown  in  Fig.  2c,  confirming  that  the 
chirality  is  preserved  along  the  whole  nanotube.  Similar  studies  were  carried  out  for  (7,  7) 
nanotubes  using  2.4  eV  laser  excitation;  Raman  spectra  of  (7,  7)  before  (Fig.  2d)  and  after  YPE 
growth  (Fig.  2e)  showed  predominant  peaks  at  249  cm"1,  which  correspond  to  the  RBM  of  (7,  7) 
nanotubes.  The  weak  peak  at  303  cm'1  is  attributed  to  the  Si/SiCh  substrate  background.  The  RBM 
intensity  of  cloned  nanotubes  is  weaker  than  that  of  the  nanotube  seeds.  This  is  because  many 
nanotube  seeds  got  etched  away  during  the  annealing  and  subsequent  VPE  step,  thus  leading  to 
reduced  nanotube  number  density  and  reduced  Raman  intensity. 

Back-gated  nanotube  field-effect  transistors  were  fabricated  to  further  characterize  the  electrical 
properties  of  the  cloned  (7,  6)  and  (6,  5)  nanotubes.  The  device  schematic  and  an  SEM  image  of  a 
representative  device  consisting  of  an  individual  (7,  6)  nanotube  are  shown  in  Fig.  2g,h, 
respectively.  In  brief,  the  cloned  (7,  6)  nanotubes  grown  on  quartz  substrates  were  transferred  to 
Si/Si02  substrates  with  50nm  Si02  using  methods  described  in  our  previous  publication9.  This  was 
followed  by  formation  of  Ti/Pd  (0.5/50  nm)  source/drain  metal  contacts  using  lithography  and  lift¬ 
off  techniques.  After  production,  the  device  had  a  channel  length  of  L=4  pm  and  a  50-nm-thick 
SiC>2  gate  dielectric.  The  transfer  characteristics  (Id-Vg)  measured  at  various  Vd  biases,  shown  in 
Fig.  2i,  clearly  indicate  that  the  device  is  made  of  a  semiconducting  nanotube.  This  is  consistent 
with  the  (7,  6)  chirality.  We  measured  a  total  of  17  such  devices  produced  with  individual  cloned 
(7,  6)  nanotubes  and  found  that  all  of  them  exhibit  similar  semiconducting  behavior.  Similar 
electrical  characteristics  were  also  observed  for  transistors  made  from  cloned  (6,  5)  nanotubes. 
These  electrical  measurements  further  confirm  that  chirality-controlled  cloning  was  achieved  and, 
moreover,  demonstrate  the  preservation  of  superior  electrical  properties  in  the  cloned  nanotubes. 
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Figure  2.  (a,b)  Raman  RBMs  of  (7,  6)  nanotubes  before  and  after  VPE.  The  spectra  were  taken  at  different 
random  locations  on  the  quartz  substrates  with  laser  excitation  energy  of  1.96  eV.  The  peaks  at  265  cm'1 
correspond  to  the  RBM  of  (7,  6)  nanotubes,  (c)  Raman  RBM  spectra  along  a  specific  nanotube  confirming 
that  the  chirality  is  preserved  after  the  VPE  process.  Inset,  an  SEM  image  (with  artificial  colour)  of  the 
nanotube.  (d,e)  Raman  RBMs  of  (7,  7)  nanotubes  before  and  after  VPE.  The  spectra  were  taken  at  different 
random  locations  on  the  Si/SiCE  substrates  with  laser  excitation  energy  of  2.4  eV.  The  peaks  at  249  cm'1 
correspond  to  the  RBM  of  (7,  7)  nanotubes,  (f)  Kataura  plot  shows  the  RBM  frequencies  and  Eu  of  different 
nanotubes.  The  values  were  taken  from  the  literature32,  (g)  Schematic  and  (h)  an  SEM  image  (with  artificial 
colour)  of  a  back-gated  (7,  6)  nanotube  transistor.  The  device  consists  of  an  individual  (7,  6)  nanotube,  with 
L=4  pm  and  50  nm  thick  SiCE  gate  dielectric,  (i)  Transfer  characteristics  (Id-Vg)  of  the  transistor  measured 
at  various  Vd  biases.  Inset,  transfer  characteristics  plotted  in  semi-logarithm  scale  with  Vd=1V. 


What  is  the  mechanism  of  the  VPE-based  SWCNT  cloning?  We  attempt  to  explain  the  growth 
mechanism  by  proposing  a  molecular  model.  We  emphasize  the  tentative  nature  of  this  model  and 
present  it  in  the  spirit  of  stimulating  further  exploration  of  the  VPE-based  SWCNT  cloning.  We 
find  that  annealing  is  a  critical  step  for  successful  SWCNT  cloning.  The  edges  of  purified  SWCNT 
seeds  are  created  by  the  sonication  process  for  dispersion.  Cavitation  ruptures  C-C  bonds,  most 
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likely  leading  to  oxidation  of  carbons  at  the  cutting  edges  to  form  -COOH,  or  reconstruction  of 
carbons  at  the  edges  to  form  5-  or  7-membered  ring  structures,  making  the  edges  not  suitable  for 
continued  growth.  Air  oxidation  and  subsequent  hydrogen  and  water  treatment  most  likely  remove 
these  defective  carbons  and  expose  more  reactive  hydrogen-terminated  sp2  carbon  edges  for 
growth  (Fig.  3a).  We  believe  the  essence  of  SWCNT  cloning  by  VPE  is  to  incorporate  certain 
pyrolysis  products  into  a  graphitic  carbon  structure  defined  by  the  purified  SWCNT  seed.  We 
propose  that  this  is  achieved  by  covalent  addition  of  C2H2  and  C2H4  at  the  SWCNT  edge.  More 
specifically,  we  propose  that  the  chemistry  between  C2H2/C2H4  and  SWCNT  edge  follows  the 
classic  organic  chemistry  reaction  for  the  generation  of  six-membered  rings:  Diels- Alder 
cycloaddition.  As  shown  in  Fig.  3b,  acetylene  C2H2  can  be  incorporated  into  a  site  with  armchair 
configuration  through  the  Diels- Alder  reaction  (reaction  1),  followed  by  a  re-aromatization  step 
(reaction  2).  Similar  reactions  between  C2H2  and  polycyclic  aromatic  hydrocarbons  in  organic 
solvents  have  been  recently  shown  and  proposed  as  the  basis  for  metal-catalyst-free  synthesis  of 
SWCNTs  by  Fort  et  al.33,34  Likewise,  C2H4  can  also  be  incorporated  into  an  armchair  site  through 
the  Diels-Alder  reaction  (reaction  3).  The  C-C  single  bond  created  by  reaction  3  can  be  converted 
into  a  double  bond  via  a  radical  (CFL*  or  H*)-catalysed  step  (reaction  4).  In  both  cases,  the  final 
product  is  a  new  six-membered  sp2  carbon  ring  built  on  the  SWCNT  edge.  The  whole  process  can 
be  repeated  at  other  existing  or  newly  built  armchair  sites,  resulting  in  elongation  of  the  SWCNT 
with  conservation  of  chirality  defined  by  the  seed.  Growth  termination  may  occur  as  a  result  of 
edge  reactions  with  other  reactive  pyrolysis  products. 

The  Diels-Alder  chemistry  in  the  cloning  mechanism  requires  the  presence  of  armchair  sites 
on  the  SWCNT  edge.  A  natural  consequence  of  this  requirement  is  chirality-dependent  growth 
rate.  In  general,  for  a  (n,  m)  tube  there  are  m  armchair  sites  at  the  edge,  and  the  rate  of  carbon 
incorporation  should  be  proportional  to  m.  The  rate  of  tube  length  elongation  R  can  be  obtained 
after  normalizing  the  rate  of  carbon  incorporation  by  the  tube  circumference: 


R  oc 


(1) 


Vn2+nm+m2 

Fig.  3c  illustrates  the  end  edges  of  two  semiconducting  tubes  of  the  same  diameter  (6,  5)  and  (9, 
1),  unzipped  along  the  tube  axis.  According  to  the  above  analysis,  (6,  5)  tubes  should  grow  five 
times  faster  than  (9,  1).  In  the  next  section  of  this  report,  we  present  our  results  of  the  systematic 
investigations  of  chirality-dependent  growth  kinetics  and  termination  mechanisms  of  7  different 
single-chirality  nanotubes,  (9,  1),  (6,  5),  (8,  3),  (7,  6),  (10,  2),  (6,  6),  and  (7,  7),  covering  near 
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zigzag,  medium  chiral  angle,  and  near  armchair  semiconductors,  as  well  as  armchair  metallic 
nanotubes. 


Figure  3.  Molecular  mechanism  of  SWCNT  cloning  via  VPE.  (a)  The  effect  of  annealing,  (b)  Diels-Alder 
chemistry  for  the  incorporation  of  C2H2  and  C2H4  into  an  armchair  site  on  the  edge  of  a  growing  SWCNT 
seed,  (c)  Edge  structures  of  unzipped  ((6,  5)  and  (9,  1))  tubes.  The  red  letter  “a”  denotes  an  armchair  site 
on  the  edges. 

In  conclusion,  we  have  demonstrated  that  chirality-controlled  SWCNT  growth  can  be  achieved 
using  catalyst-free  VPE  growth,  which  produces  single-chirality,  horizontally  aligned  nanotubes 
with  significantly  longer  lengths  than  the  as-purified  seeds.  Although  this  work  only  focused  on 
the  semiconducting  (7,  6),  (6,  5)  and  metallic  (7,  7)  nanotube  species,  we  believe  that  the  cloning 
process  described  here  should  be  applicable  to  other  semiconducting  and  metallic  chiralities29.  Our 
cloning  method  therefore  opens  up  a  possibility  to  study  catalyst-free  nanotube  VPE  growth 
mechanism  as  a  function  of  chirality.  With  its  versatility  and  reproducibility,  the  cloning 
technology  platform  should  greatly  benefit  the  device  and  circuit  application  of  nanotubes. 
Moreover,  future  research  on  improving  the  cloning  yield,  density  and  precise  positioning  of  the 
nanotube  seeds  could  potentially  lead  to  the  long-dreamed,  integrated  functional  “carbon-only” 
electronic  systems. 
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Chirality-dependent  VPE  growth  kinetics  and  termination  mechanism 

In  this  section,  we  report  our  progress  in  chirality-dependent  growth  kinetics  and  termination 
mechanism  for  the  vapor-phase  epitaxial  growth  of  seven  different  single-chirality  nanotubes  of 
(9,  1),  (6,  5),  (8,  3),  (7,  6),  (10,  2),  (6,  6),  and  (7,  7),  covering  near  zigzag,  medium  chiral  angle, 
and  near  armchair  semiconductors,  as  well  as  armchair  metallic  nanotubes26.  Our  results  reveal 
that  the  growth  rates  of  nanotubes  increase  with  their  chiral  angles  while  the  active  lifetimes  of  the 
growth  hold  opposite  trend.  Consequently,  the  chirality  distribution  of  a  nanotube  ensemble  is 
jointly  determined  by  both  growth  rates  and  lifetimes.  These  results  correlate  nanotube  structures 
and  properties  with  their  growth  behaviors  and  deepen  our  understanding  of  chirality-controlled 
growth  of  nanotubes. 

The  VPE-based  cloning  process  follows  the  method  we  previously  reported25  with  some 
improvements.  A  small  amount  (optimized  at  10  seem)  of  C2H4  was  added  into  VPE  process  and 
the  SEM  characterization  showed  the  yield  of  SWCNTs  improved  significantly  with  optimal 
amount  of  C2H4  addition.  This  yield  improvement  paves  the  way  for  the  study  of  chirality- 
dependent  growth  and  termination  of  large  amount  of  SWCNTs.  Fig.  4a  shows  the  chirality  map 
of  seven  kinds  of  nanotubes  we  studied  in  this  work.  The  three  important  structural  and  property 
parameters  of  SWCNTs,  that  is,  chiral  angle,  diameter,  and  metallicity,  are  highlighted.  As  an 
illustration,  Fig.  4b  compares  the  edge  structures  of  (9,  1)  and  (6,  5)  SWCNTs,  where  the 
differences  in  their  edge-atom  configurations  can  be  clearly  discerned.  One  important  question 
here  is  how  the  edge  structures  of  nanotubes  influence  their  growth  behaviors. 

To  obtain  information  on  the  growth  kinetics  of  SWCNTs,  we  performed  systematical 
experiments  at  different  growth  times  ranging  from  tens  of  seconds  to  15  min.  Fig.  4c-e  presents 
SEM  images  of  (9,  1)  SWCNTs  with  growth  duration  of  40  s,  60  s,  and  15  min,  respectively.  The 
average  nanotube  length  (L)  for  each  duration  was  measured  and  presented  in  Fig.  4i,  which 
demonstrates  that  the  length  of  (9,  1)  nanotubes  keep  growing  during  this  period  of  time.  As  a 
comparison,  Fig.  4f-h  shows  the  SEM  images  of  (6,  5)  SWCNTs  with  growth  time  of  20  s,  40  s, 
and  15  min,  with  the  length  distribution  histogram  shown  in  Fig.  4j.  In  sharp  contrast  to  (9,  1) 
nanotubes,  we  found  that  the  (6,  5)  nanotubes  have  nearly  the  same  average  lengths  with  different 
growth  periods,  suggesting  the  active  growth  lifetime  is  very  short.  Note  that  both  (9,  1)  and  (6,  5) 
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nanotubes  are  the  semiconducting  type  with  identical  diameters  but  distinct  chiral  angles. 
Specifically,  (6,  5)  is  a  near-armchair  SWCNT  with  a  chiral  angle  of  21.0°,  while  (9,  1)  represents 
a  near-zigzag  SWCNT  with  a  chiral  angle  of  only  5.2°.  This  result  clearly  demonstrates  the 
influence  of  chiral  angles  on  the  growth  of  SWCNTs. 


Length  (^m)  Length  (^m) 


Figure  4.  Chirality-dependent  growth  and  length  distribution  of  semiconducting  (9,  1)  and  (6,  5)  SWCNTs. 
(a)  Chirality  map  and  chiral  angle,  diameter,  and  metallicity  information  of  seven  nanotubes  we  studied,  (b) 
Edge  structure  comparisons  of  (9,  1)  and  (6,  5)  nanotubes,  (c-e)  SEM  images  of  VPE-grown  (9,  1) 
SWCNTs  with  growth  time  of  40  s,  60  s,  and  15  min,  respectively,  (f-h)  SEM  images  of  VPE-grown  (6,  5) 
SWCNTs  with  growth  time  of  20  s,  40  s,  and  15  min,  respectively.  (i,j)  Length  distribution  of  nanotubes 
from  (c-e)  and  (f-h),  respectively.  Scale  bars  are  50  pm  for  all  images. 
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To  get  in  depth  and  comprehensive  information  on  the  growth  kinetics,  we  systematically 
studied  the  growth  of  five  types  of  semiconducting  SWCNTs  under  various  growth  times,  that  is, 
20,  30,  40,  60,  120,  and  900  s.  Colored  dots  in  Fig.  5a  show  the  length  evolutions  of  these  five 
nanotubes.  It  is  evident  that  these  nanotubes  possess  distinct  growth  kinetics,  especially  during  the 
initial  growth  period,  as  shown  in  Fig.  5b.  To  quantitatively  analyze  the  nanotube  growth  kinetics 
and  to  model  the  growth  process  that  has  a  finite  period,  that  is,  growth  plus  termination,  we 
assume  the  average  growth  rate  ( Rt )  of  a  (n,  m)  SWCNT  at  time  t  follows  exponential  kinetics 

Rt  =  RoexP  (—  “)  (2) 

Here,  Ro  and  r  are  the  average  initial  growth  rate  and  lifetime  for  a  SWCNT.  Consequently,  the 
average  nanotube  length  ( Lt )  at  time  t  would  be 

It  =  Jo  Rtdt  =  R0t  ■  [l  -  exp  (-  *-)]  (3) 

Then,  equation  3  was  used  to  fit  the  length  evolution  profiles  of  the  preceding  mentioned  five 
SWCNTs  (solid  curves  in  Fig.  5a)  and  extracted  the  two  parameters,  that  is,  Ro  and  r  for  each 
nanotube.  Here  we  emphasize  that  the  nanotubes  we  studied  fall  into  two  subgroups  with  very 
similar  diameters  in  each  subgroup  (inset  of  Fig.  5a),  thus  excluding  any  effect  of  nanotube 
diameter  on  their  growth  kinetics.14, 35, 36  Since  all  five  of  these  nanotubes  are  semiconducting  ones, 
the  only  noticeable  structural  parameter  difference  within  each  subgroup  is  the  chiral  angle. 
Therefore,  the  above  results  suggest  a  clear  chiral  angle-dependent  growth  behavior  of  SWCNTs. 

We  further  plotted  chiral  angle  versus  growth  rate  and  lifetime  for  these  five  SWCNT  chirality 
species  in  Fig.  5c, d.  As  can  be  clearly  discerned  from  Fig.  5c,  nanotube  growth  rate  increases  with 
increasing  its  chiral  angle,  a  result  similar  to  that  of  a  very  recent  report  on  metal  catalyst  driven 
CVD  grown  nanotubes.37  Here  we  note  that  for  VPE-cloning  process,  both  ends  of  the  seed  from 
metal-catalyzed  CVD  processes  where  only  catalyst  nanotube  joint  point  is  active.  Consequently, 
the  actual  growth  rate  of  each  (n,  m)  SWCNT  may  be  over  established  by  a  factor  of  2. 
Nevertheless,  this  will  not  have  any  influence  on  the  trend  of  chirality-dependent  growth  rate  of 
SWCNTs  we  have  concluded.  In  addition  to  the  chirality-dependent  growth  rates  of  nanotubes, 
more  interestingly,  we  observed  an  opposite  trend  for  chiral  angle  dependent  lifetimes,  that  is,  the 
lifetime  of  a  nanotube  decreases  while  increasing  its  chiral  angle  (Fig.  5d).  Specifically,  both  (9, 
1)  and  (10,  2)  nanotubes  possess  lifetimes  of  ~80  s  under  our  growth  condition,  which  are  much 
longer  than  (8,  3)  nanotube  with  a  lifetime  of  ~40  s  and  (6,  5)  and  (7,  6)  nanotubes  with  a  lifetime 
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of  less  than  20  s.  Therefore,  we  emphasize  that  the  final  product  distribution  of  a  SWCNT 
ensemble  neither  solely  relies  on  their  growth  rates  nor  their  active  lifetime  as  understood 
previously,  but  on  their  product  Ro  x  r. 


Figure  5.  Length  evolution  profiles  and  chirality-dependent  growth  rate  (Ro)  and  lifetime  (r)  of 
semiconducting  SWCNTs.  (a)  Length  evolution  profiles  and  fitted  curves  based  on  eq  3  for  (6,  5),  (8,  3), 
(9,  1),  (7,  6),  and  (10,  2)  SWCNTs  with  growth  times  of  20  s,  40  s,  60  s,  2  min,  and  15  min.  Inset,  chiral 
angle  versus  diameter  for  the  above  five  semiconducting  SWCNTs,  showing  that  they  belong  to  two 
subgroups  with  similar  diameters  in  each  one  as  highlighted  by  different  colors,  (b)  Zoom-in  plot  of  panel 
a  shows  the  initial  growth  period.  (c,d)  Chiral-angle-dependent  growth  rate  (Ro)  and  lifetime  (r)  of  the  above 
five  kinds  of  semiconducting  SWCNTs.  The  vertical  error  bars  in  c  and  d  correspond  to  the  errors  of 
parameters  extracted  based  on  eq  3. 

We  propose  that  the  above  chirality-dependent  growth  rate  and  lifetime  phenomena  can  be 
interpreted  in  the  framework  of  Diels-Alder  cycloaddition  mechanism.25, 33, 38  According  to  the 
Diels-Alder  chemistry,  active  carbon  species  will  only  be  added  to  the  armchair  sites  (serve  as 
dienophile)  on  the  open  edges  of  SWCNTs  during  VPE-based  cloning  process.25  Note  that  a 
particular  (n,  m)  SWCNT  has  a  total  of  m  armchair  sites  (Fig.  6a, e),  which  can  simultaneously 
accept  coming  carbon  species  for  nanotube  growth  (Fig.  6a-c  and  Fig.  6e-g).  Therefore,  it  is  a 
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natural  consequence  that  nanotubes  with  large  m  possess  high  growth  rate.  In  real  nanotube  growth 
process,  however,  the  situation  may  not  be  that  ideal  and  we  speculate  that  each  adding  step  has  a 
certain  failure  possibility.  Previous  studies  on  CH4  pyrolysis  show  that  it  follows  the  sequence  of 

CH4  — ►  CH3 — >  C2H6  — » C2H4  —*■  C2H2  —*■ - >  C  (solid)  at  temperature  of  ~900  °C.39  Apparently, 

there  exist  various  CHX,  C2HX,  and  even  CsHx  species  in  the  CVD  environment.40  We  note  that  the 
addition  of  CHX  or  CsHx  species  instead  of  C2HX  will  generate  five-  or  seven-membered  ring  on 
nanotubes  (Fig.  6d,h),  which  in  turn  may  prevent  further  nanotube  growth  via  Diels-Alder 
chemistry.  On  the  basis  of  recent  theoretical  studies,38’ 41  the  formation  of  six-membered  ring  is 
more  energetically  favorable  than  other  kinds  of  structures  especially  when  the  nanotube  segment 
is  long.  Nevertheless,  there  is  still  a  very  low  but  certain  possibility  for  five-  or  seven-membered 
ring  formation,  which  in  turn  will  terminate  nanotube  growth.  We  emphasize  that  for  nanotubes 
with  large  m,  the  adding  events  would  happen  more  frequently  than  those  nanotubes  with  small  m. 
Consequently,  it  will  take  much  shorter  time  for  these  larger  m  nanotubes  to  form  the  five-  or 
seven-membered  rings  than  the  smaller  m  ones  from  statistical  point  of  view,  suggesting  a  shorter 
lifetime  for  nanotubes  with  larger  m.  Note  that  this  does  not  necessarily  mean  lifetime  is  directly 
proportional  to  1/m,  as  the  nanotube  diameter  may  also  play  a  role  on  its  growth36, 38.  Nevertheless, 
it  is  safe  to  conclude,  based  on  the  Diels-Alder  process  illustrated  in  Fig.  6,  that  SWCNTs  with 
larger  m  would  have  higher  growth  rates  and  shorter  active  lifetimes.  This  conclusion  agrees  very 
well  with  our  experimental  observations  as  for  nanotubes  with  similar  diameters,  large  chiral  angle 
corresponds  to  large  m.  Importantly,  we  note  that  a  screw  dislocation  mechanism  has  been 
experimentally  identified  for  catalyst-free  growth  of  nanowires  in  CVD  process,42  which 
resembles  the  VPE  growth  of  nanotube  via  Diels-Alder  mechanism,  especially  for  (n,  1)  nanotubes. 
Consequently,  the  results  in  this  study  connect  nanotubes  with  nanowires  and  indicate  that  there 
might  be  a  general  growth  mechanism  for  one-dimensional  crystalline  nanostructures.  The 
chirality-dependent  growth  behavior  and  termination  mechanism,  however,  is  not  reflected  by 
nanowire  growth  case.  Therefore,  the  results  from  this  study  provide  new  insight  on  the  controlled 
growth  of  one-dimensional  nanostructures  and  materials. 
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Figure  6.  Atomic  illustration  of  chirality-dependent  SWCNT  growth  via  Diels- Alders  cycloaddition 
processes,  (a-c)  Cycloaddition  of  C2HX  species  to  a  (6,  5)  SWCNT  and  the  formation  of  six-membered 
rings,  leading  to  the  continuous  growth  of  this  nanotube,  (d)  Addition  of  CHy  species  leads  to  the  formation 
of  five-membered  ring  and  consequently  nanotube  growth  stops,  (e-g)  Addition  of  C2HX  species  to  a  (9,  1) 
SWCNT  for  its  continuous  growth,  (h)  Addition  of  CHy  species  leads  to  the  growth  stops.  Multiple  arrows 
from  panels  b  to  c  and  panels  f  to  g  represent  multiple  addition  reactions. 

Among  all  kinds  of  SWCNTs,  armchair  (n,  n)  nanotubes  are  of  particular  interest  since  they  are 
the  only  true  metallic  nanotubes  with  zero  band  gap  and  linear  energy  dispersion  relationships  at 
Dirac  point.43  Our  DNA-based  separation  method  is  capable  of  purifying  such  armchair  metallic 
nanotubes,  for  example,  (6,  6)  and  (7,  7),  with  high  purity.29  Here,  we  chose  these  two  kinds  of 
armchair  nanotubes  and  studied  their  growth  kinetics.  Showing  in  Fig.  7a, b  are  the  SEM  images 
of  the  (6,  6)  and  (7,  7)  SWCNTs  with  a  growth  time  of  20  s.  Surprisingly,  we  found  that  both 
nanotubes  have  relatively  short  average  length  (11.5  pm  for  (6,  6)  and  6.4  pm  for  (7,  7)).  We 
further  studied  the  length  evolution  of  these  two  armchair  SWCNTs  with  growth  time  of  40  and 
60  s  (Supporting  Information  of  ref26).  As  shown  in  Fig.  7c, d,  both  nanotubes  stop  growth  within 
20  s,  indicating  a  very  short  lifetime,  which  is  consistent  with  our  experimental  observations  and 
Diels- Alder  cycloaddition  mechanism  proposed  on  large  chiral  angle  SWCNTs.  While  it  is 
difficult  to  accurately  calculate  the  growth  rate  for  these  two  nanotubes  since  they  saturated  within 
the  shortest  experimental  time,  we  would  like  to  comment  on  their  saturated  lengths  and  compare 
with  their  semiconducting  counterparts,  for  example,  (6,  6)  versus  (6,  5).  The  most  noticeable 
difference  is  that  (6,  6)  nanotubes  possess  much  shorter,  — 1/3,  saturated  length  as  compared  with 
(6,  5)  ones,  which  has  never  been  reported  before.  One  interesting  phenomenon  we  noted  is  that 
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in  real  SWCNT  samples,  armchair  ones  abnormally  do  not  occupy  a  large  population  based  on  the 
electron  diffraction  analysis.44  This  result  is  consistent  with  our  observation  here  shown  that 
armchair  nanotubes  possess  shorter  saturated  lengths  than  other  nanotubes,  that  is,  they  are  less 
abundant  in  a  nanotube  ensemble.  We  noticed  that  armchair  nanotubes  are  the  only  true  metallic 
ones  with  zero  bandgap,  thus  it  is  intriguing  to  study  whether  the  electronic  properties  of  nanotubes 
have  a  strong  effect  on  the  growth.  Further  experiments  that  can  well  control  the  growth  period 
into  a  very  short  time,  for  example,  a  few  seconds,35  combined  with  theoretical  simulations,  may 
help  to  understand  the  abnormal  behavior  of  armchair  SWCNTs,  which  may  open  up  a  novel 
window  to  exploring  metallic/semiconducting  controlled  synthesis.  Furthermore,  future 
comparative  studies  of  non-armchair  metallic  SWCNTs  (e.g.,  semi-metallic  SWCNTs),  armchair 
metallic  SWCNTs,  and  semiconducting  ones  would  be  important  to  further  determine  possible 
effect  of  metallicity  on  the  growth  of  nanotubes,  which  could  not  be  done  at  this  moment  due  to 
lack  of  chirality-pure  non-armchair  metallic  SWCNT  seeds. 
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Figure  7.  Chirality-dependent  growth  of  armchair  metallic  SWCNTs.  (a,b)  Representative  SEM  images 
of  cloned  (6,  6)  and  (7,  7)  SWCNTs  with  a  growth  time  of  20  s.  (c,d)  Length  evolution  of  (6,  6)  and  (7,  7) 
SWCNTs  with  growth  time  of  20,  40,  and  60  s. 

In  conclusion,  we  systematically  studied  the  chirality-dependent  growth  rate  and  active  lifetime 
of  both  semiconducting  and  metallic  SWCNTs  in  a  recently  established  VPE-based  cloning 
platform.  Our  research  reveals  distinct  growth  behaviors  among  SWCNTs  and  correlate  with  their 
structures  within  the  framework  of  Diels-Alder  chemistry.  The  abnormal  growth  behavior  of 
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armchair  nanotubes  suggests  a  possible  correlation  between  nanotube  growth  and  their  electronic 
characteristics.  This  work  provides  direct  experimental  evidence  on  the  chirality-dependent  growth 
kinetics  of  single-chirality  nanotubes,  which  can  guide  further  synthetic  processes  designed  toward 
chirality-pure  SWCNT  synthesis. 


VPE  cloning  of  molecular  end-caps 

Recently,  there  has  been  increasing  interest  in  using  structurally  well-defined  carbon 
nanomaterials22’  24"26’  33’  45-49  to  initiate  nanotube  growth  with  an  aim  of  producing  uniform 
SWCNTs.  As  is  shown  in  the  previous  two  sections  of  this  report,  our  VPE  cloning  approach  has 
successfully  realized  chirality  pre-defined  synthesis  of  7  different  single-chirality  SWCNTs. 
However,  the  yield  of  the  cloning  process  is  still  rather  low  at  the  current  stage,  largely  due  to  very 
low  areal  number  densities  of  nanotube  seeds.  In  this  section,  we  report  a  new  nanotube  growth 
method  that  combines  bottom-up  organic  chemistry  synthesis  with  VPE  cloning  approach25, 26  to 
achieve  metal-catalyst-free  growth  of  nearly-pure-semiconducting  SWCNTs  and  their  aligned 
arrays27. 

We  started  with  the  corannulene  molecule  (C20H10,  structure  shown  in  Fig.  8a)  for  the  synthesis 
of  the  end-caps  of  nanotubes  (C50H10,  structure  shown  in  Fig.  8b),  aiming  at  chirality-controlled 
growth  of  SWCNTs  via  molecular  cap  engineering.  The  synthesis  details  of  end-caps  is  presented 
in  method  section  of  ref27.  We  point  out  metal  elements  such  as  Fe,  Co,  Ni,  Cu,  and  so  forth,  which 
can  act  as  catalysts  for  CVD  growth  of  nanotubes,  were  not  used  in  the  above  organic  chemistry 
synthesis  process.  Therefore,  it  is  safe  to  conclude  that  the  as-formed  C50H10  molecules  are  free  of 
such  metals,  as  confirmed  using  the  energy  dispersive  X-ray  (EDX)  characterization.  The  as- 
synthesized  red-orange  powder  of  C50H10  was  first  dissolved  in  toluene  to  make  a  stable  solution 
(Fig.  8d).  Then,  the  quartz  substrates  with  C50H10  molecules  were  subjected  to  a  horizontal  CVD 
furnace  for  subsequent  nanotube  growth.  We  initially  conducted  nanotube  growth  experiments 
without  any  pretreatment  of  C50H10.  However,  no  nanotubes  grew  under  broad  growth  conditions. 
Then,  we  reexamined  the  whole  process  and  considered  the  possibility  that  the  rims  of  the  C50H10 
molecules  might  be  covered  by  other  C50H10  molecules  or  solvents,  embedding  the  active  edges 
inside  larger  aggregates,  as  supported  by  the  AFM  characterization.  Faced  with  this  conjecture,  we 
speculated  that  pretreatment  might  be  necessary  to  initiate  nanotube  growth  from  this  molecular 
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end-cap.  After  extensive  exploration,  ultimately  we  found  that  high-temperature  air  treatment, 
followed  by  water  vapor  treatment,  is  very  effective  in  activating  C50H10  for  nanotube  growth.  In 
particular,  we  learned  that  air  oxidation  at  500  °C  followed  by  water  vapor  treatment  at  900  °C 
gives  the  highest  nanotube  yield  (Fig.  8e). 

We  used  SEM  to  examine  the  overall  growth  efficiency  of  nanotubes  from  pretreated  C50H10. 
High  magnification  SEM  characterization  (Fig.  8e)  clearly  shows  highly  efficient  growth  of  dense 
SWCNTs  on  quartz  substrate.  The  yield  of  SWCNTs  grown  from  C50H10  is  much  higher  than  that 
grown  from  short  nanotube  seeds,  because  the  area  number  density  of  small  C50H10  molecules  is 
significantly  larger  than  the  area  number  density  of  nanotube  seeds.  As  control  experiments,  we 
performed  nanotube  synthesis  experiments  using  blank  quartz  substrates,  following  the  identical 
air  and  water  pretreatment,  and  no  SWCNTs  growth  was  observed.  Overall,  the  above  experiments 
unambiguously  demonstrate  that  nanotube  growth  is  indeed  initiated  by  the  deposited  C50H10 
molecules.  We  used  AFM  to  study  the  diameters  of  the  as-grown  SWCNTs  and  found  that  most 
nanotubes  have  heights  below  lnm. 


Figure  8.  (a)  Structure  of  the  bowl-shaped  corannulene  molecule  (C20H10)  precursor,  (b)  Structure  of  the 
hemispherical  C50H10  molecule  synthesized  from  corannulene  (a),  which  represents  the  end-cap  plus  a  short 
sidewall  segment  of  a  (5,  5)  SWCNT.  The  molecule  shown  in  (b)  is  used  for  nanotube  growth  in  this  study, 
(c)  Structure  of  a  (5,  5)  SWCNT.  (d)  C50H10  solution  in  toluene,  (e)  A  high  magnification  SEM  image  of 
SWCNTs  synthesized  from  C50H10  molecules  via  YPE  approach. 
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We  performed  systematic  Raman  spectroscopic  analysis  with  multiple  lasers,  in  order  to 
analyze  further  the  diameter,  chirality,  and  quality  of  the  SWCNTs  grown  from  the  pretreated 
C50H10  molecular  end-caps.  We  found  that  the  C50H10  molecules  themselves  show  very  weak 
Raman  signals  under  short  laser  wavelength.  Fig.  9a-c  show  representative  Raman  spectra  of  as- 
grown  SWCNTs  with  laser  excitation  wavelengths  of  633  nm  (Fig.  9a),  514  nm  (Fig.  9b),  and  457 
nm  (Fig.  9c),  respectively.  The  diameters  of  SWCNTs  were  deduced  from  the  relationship  between 
the  frequencies  of  radial  breathing  modes  (RBMs)  in  Raman  spectra  and  nanotube  diameters,  using 
the  equation  dt  =  (223.5Aurbm  -  12.5).  Here,  dt  is  the  diameter  of  nanotube  in  nanometer,  and  corbm 
is  the  frequency  of  the  RBM  in  cm-1.  We  found  this  equation  fits  the  diameter-RBM  relationship 
in  as-grown  SWCNTs  very  well  based  on  our  previous  studies.26  The  peaks  marked  with  arrows 
are  RBMs,  while  all  the  other  peaks  (indicated  by  asterisks)  are  from  the  quartz  substrates.  In  these 
Raman  spectra,  most  of  the  RBM  peaks  are  located  at  wavelengths  above  240  cm-1,  indicating  that 
small-diameter  nanotubes  with  dt  <  1  nm  have  been  grown.  Statistical  analysis  of  the  RBM 
frequencies  of  SWCNTs  based  on  the  three  laser  excitations  are  shown  in  Fig.  9e-g,  and  the 
diameter  distribution  of  SWCNTs  derived  from  the  Raman  characterizations  are  plotted  in  Fig.  9h, 
which  exhibits  an  average  nanotube  diameter  of  0.82  nm. 

We  analyzed  the  chirality  information  on  the  SWCNTs  that  was  obtained  by  excitation  with  the 
three  lasers  used.  Here,  we  emphasize  that  for  such  small-diameter  SWCNTs  (<1  nm),  Raman 
spectra  are  unambiguous  with  respect  to  chirality  assignments,  because  adjacent  SWCNTs  have 
very  distinct  Eii  values  and  RBM  frequencies.  Surprisingly,  we  discovered  that  most  of  the 
nanotubes  are  actually  semiconductors,  for  example,  (8,  3),  (6,  1),  and  (5,  1)  in  Fig.  9a,  (7,  3),  and 
(5,  4)  in  Fig.  9b,  and  (8,  1)  in  Fig.  9c.  More  interestingly,  we  observed  some  RBMs  at  very  high 
frequencies,  for  instance,  the  RBMs  at  ~517  cm'1  are  the  peaks  most  frequently  observed  when 
using  the  633  nm  laser  (Fig.  9a, e),  which  corresponds  to  nanotube  diameters  of  ~0.44  nm.  We 
note  that  only  (5,  1)  SWCNT  should  show  a  RBM  peak  at  this  frequency.  Therefore,  we  assign 
these  RBMs  to  (5,  1)  nanotubes.  To  the  best  of  our  knowledge,  this  is  one  of  the  smallest  diameter 
SWCNTs  ever  reported  to  have  been  grown  without  the  necessity  of  a  template  confinement.50  We 
point  out  that  the  current  growth  method  not  only  provides  a  practical  way  to  synthesize  such  ultra- 
small-diameter  SWCNTs  and  produces  valuable  material  platforms  to  allow  studies  of  their  exotic 
properties  but  also  provides  critical  information  on  the  buildup  of  the  electronic  transition  energy 
database  of  these  small  nanotubes,  which  is  of  fundamental  importance  to  the  study  of 
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structure-property  relationships  of  SWCNTs  and  curvature-induced  electronic  property  changes51. 
In  addition,  the  very  low  defect-induced  D-band  to  tangential  G-band  intensity  ratio  (<0.01 ) 
suggests  a  high  quality  of  SWCNTs  grown  from  the  pretreated  C50H10  molecules  (Fig.  9d).  Note 
that  the  above  three  lasers  are  not  in  resonance  with  the  (5,  5)  SWCNTs.  We  also  used  a  405  nm 
laser,  which  could  excite  (5, 5)  SWCNTs,  to  characterize  our  sample.  However,  we  did  not  observe 
any  RBMs  at  ~340  cm-1  related  to  (5,  5)  nanotubes,  indicating  no  or  very  small  population  of  (5, 
5)  chirality  in  the  sample.  In  fact,  when  using  the  405  nm  laser,  we  observed  much  fewer  RBMs 
than  when  using  the  other  three  lasers.  This  is  understandable  since  the  405  nm  laser  has  high 
energy  photons  and  only  very  few  nanotubes  are  in  resonance  with  the  laser  based  on  the  Kataura 
plot. 


Figure  9.  Multiple  lasers  Raman  spectroscopic  characterization,  (a-c)  Raman  RBM  spectra  of  SWCNTs 
grown  from  C50H10  molecular  end-caps  excited  by  633  nm  (a),  514  nm  (b),  and  457  nm  lasers  (c).  The  peaks 
marked  with  arrows  are  from  SWCNTs  and  all  the  other  peaks  (marked  with  *)  come  from  quartz  substrates, 
(d)  Raman  D-band  and  G-band  spectra  of  SWCNTs  excited  by  a  457  nm  laser,  (e-g)  RBM  frequency 
distributions  based  on  the  above  three  lasers,  (h)  Diameter  distribution  of  SWCNTs  derived  from  the  RBM 
frequencies  using  the  equation  dt  =  (223.5/corbm  “  12.5). 


Raman  spectroscopic  characterization  points  to  a  trend  that  nanotubes  grown  from  the 
pretreated  CsoHiomay  be  enriched  with  semiconducting  SWCNTs  (Fig.  9).  It  is  difficult,  however, 
to  determine  the  precise  metallic/semiconducting  ratio  of  SWCNTs  by  Raman  spectroscopy, 
owing  to  their  resonant  nature.  To  obtain  a  quantitative  value  for  the  proportion  of  semiconducting 
nanotubes  rigorously,  we  performed  systematic  electrical  transport  measurements  based  on 
individual  SWCNT  FETs,  as  well  as  on  aligned  array  SWCNT  FETs  combined  with  the  electrical 
breakdown  technique.  We  first  transferred  as-grown  SWCNTs  from  quartz  to  Si/Si02  (90  nm 
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oxide),  using  a  polymer-mediated  transfer  process,52  and  fabricated  bottom-gate  FET  devices  (Fig. 
10a).  We  have  fabricated  a  total  of  13  chips  and  have  tested  more  than  1000  devices,  among  which 
147  working  devices  with  nanotubes  in  the  channel  areas  were  identified.  Among  these  devices, 
about  1/4  of  them  show  individual  SWCNTs  in  the  channel,  while  the  other  3/4  show  parallel 
SWCNTs  forming  an  array  in  the  channel.  Occasionally,  a  few  devices  were  observed  in  which  no 
SWCNTs  were  directly  connected  to  the  source  and  drain  electrodes;  instead,  they  formed  a 
random  network  inside  the  channel.  Such  network  devices  are  not  included  in  the  following 
discussion.  We  plot  the  distribution  of  on/off  ratios  of  individual  SWCNT  FETs  (Fig.  10b)  and 
set  an  on/off  ratio  criterion  of  10  to  distinguish  metallic  SWCNTs  from  semiconducting  ones53'55. 
The  total  number  of  individual  SWCNT  FETs  is  34,  and  among  them,  32  have  on/off  ratios  larger 
than  10,  giving  a  semiconducting  SWCNT  ratio  of  32/34  =  94.1%.  Fig.  10c  shows  the  typical 
transfer  characteristics  (/ds_Vg)  of  a  semiconducting  SWCNT  FET  (SEM  image  of  the  device 
shown  in  the  inset),  which  shows  p-type  behavior  with  an  on/off  current  ratio  of  ~3.7  xlO4.  As  a 
comparison,  Fig.  lOd  shows  the  transfer  characteristics  of  another  individual  SWCNT  FET  (SEM 
image  shown  in  the  inset)  with  an  on/off  ratio  of  ~7  (based  on  the  red  curve  in  Fig.  lOd  with  Vd  = 
0.4  V).  Taking  into  account  the  evidence  from  Raman  spectroscopic  analysis  with  multiple  lasers 
in  Fig.  9  that  most  of  the  nanotubes  grown  from  pretreated  C50H10  possess  rather  small  diameters, 
we  attribute  the  curves  in  Fig.  lOd  to  so-called  semimetallic  SWCNTs,  such  as  (6,  3)  SWCNTs, 
as  detected  by  Raman  characterization  in  Fig.  9c.  Such  small-diameter  semimetallic  SWCNTs 
have  small  but  finite  band  gaps  between  their  conduction  band  and  their  valence  band  in  the 
electronic  density  of  states  and  thus  show  gate  dependence  behavior,56  as  evidenced  in  Fig.  lOd. 
However,  the  band  gaps  of  semimetallic  SWCNTs  are  typically  very  small,  for  example,  ~  10  meV, 
which  is  reflected  by  the  obvious  ambipolar  transport  behavior  observed  in  Fig.  lOd.  Here  we  point 
out  that  the  semimetallic  nanotubes  with  on/off  ratio  less  than  10  (Fig.  lOd)  are  counted  as  metallic 
SWCNTs.  Actually,  we  did  not  observe  even  a  single  device  with  on/off  ratio  of  1,  which  would 
correspond  to  a  true  metallic  armchair  SWCNT. 

From  SEM  observations,  we  found  that  a  large  number  of  devices  contain  more  than  one 
SWCNT  in  the  channel.  For  example,  the  SEM  image  in  the  inset  of  Fig.  lOe  shows  a  four-SWCNT 
array  connected  to  the  two  electrodes.  The  transfer  characteristic  of  this  device,  shown  in  Fig.  lOe, 
clearly  demonstrates  the  semiconducting  behavior  with  an  on/off  ratio  of  ~520  for  this  nanotube- 
array-FET.  We  used  the  electrical  breakdown  technique57  to  count  the  actual  number  of  SWCNTs 

20 


DISTRIBUTION  A:  Distribution  approved  for  public  release. 


for  the  device  in  Fig.  lOe.  As  shown  in  Fig.  lOf,  we  observed  a  total  of  three  sudden  decreases  in 
Ids  and,  therefore,  three  SWCNTs  being  broken  during  the  process.  Vd  cannot  be  increased  further 
because  the  gate  oxide  will  be  damaged  at  Vd  of  ~80  V.  We  noted  that  after  the  breakdown  of  the 
third  SWCNT  at  Vd  of  ~70  V,  there  is  still  current  flow  in  the  channel  area,  suggesting  that  at  least 
one  more  SWCNT  is  still  connected  to  the  electrodes.  Taking  the  SEM  image  (inset  of  Fig.  lOe) 
and  the  breakdown  experiments  (Fig.  lOf)  together,  we  conclude  that  there  were  originally  a  total 
of  four  semiconducting  SWCNTs  in  this  device,  that  is,  all  the  visible  SWCNTs  in  the  SEM  image 
are  indeed  connected  to  both  electrodes.  This  is  reasonable,  because  we  first  transferred  nanotubes 
and  then  conducted  the  electrodes  deposition,  putting  the  electrodes  on  top  of  the  SWCNTs  with 
good  contact.  Similarly,  we  have  performed  systematically  electrical  breakdown  experiments  on 
nanotube-array  FETs  with  on/off  ratios  <10.  Fig.  lOg  shows  the  transfer  curves  of  such  a  device 
before  and  after  electrical  breakdown.  The  blue  curve  in  Fig.  lOg  shows  the  initial  measurement 
of  the  device,  which  exhibits  an  on/off  ratio  of  ~5.  SEM  inspection  reveals  two  SWCNTs 
connected  to  both  electrodes  (inset  of  Fig.  lOg).  After  the  electrical  breakdown  of  the  first  metallic 
SWCNT  at  Vg=  +5  V  (Fig.  lOh),  the  on/off  ratio  of  the  device  increased  to  >4  x  103,  indicating 
only  one  metallic  SWCNT  in  this  device.  Therefore,  we  conclude  that  this  device  contains  one 
metallic  SWCNT  and  one  semiconducting  SWCNT.  Combining  this  electrical  breakdown  and 
counting  technique  with  SEM  imaging,  as  well  as  the  individual  SWCNT  FET  results,  we  have 
identified  a  total  of  264  semiconducting  SWCNTs  and  8  metallic  ones  (Table  1),  giving  a 
semiconducting  SWCNT  ratio  of  264/272  =  97.1%.  The  error  for  these  statistics  is  given  by 
equation  5  =  1.96  x  (o2/N)1/2=  1.96  x  [p(l  -  p)/N)]1/2=  2%.  Here,  5  is  the  statistic  error,  a  is  the 
standard  deviation,  N  is  the  number  of  SWCNTs,  p  is  the  semiconducting  SWCNT  purity,  and  the 
confidence  coefficient  is  set  as  0.95.  We  note  that  this  study  is  not  only  the  very  first  example  of 
the  selective  growth  of  semiconducting  SWCNTs  by  a  metal-free  process  but  also  stands  among 
one  of  the  highest  purity  of  semiconducting  SWCNTs  reported  so  far  from  a  direct  growth 
approach.  Such  small  diameter  semiconducting  SWCNTs  are  preferred  for  short  channel 
transistors  because  small  diameter  nanotubes  exhibit  much  smaller  OFF  state  current  than  large 
diameter  ones.58 
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Figure  10.  Electrical  transport  property  and  breakdown  of  SWCNT  FETs.  (a)  Schematic  of  device  structure 
of  a  back-gated  individual  SWCNT  FET.  (b)  Statistics  of  on/off  current  ratio  distribution  of  34  individual 
SWCNT  FETs.  (c,d)  Representative  transfer  characteristics  (/Ds_Vg)  of  an  individual  semiconducting  (c) 
and  semimetallic  (d)  SWCNT  FET  with  the  SEM  images  of  the  devices  shown  in  the  inset,  (e)  Transfer 
characteristic  of  an  all-semiconducting  nanotube-array-FET,  with  the  inset  SEM  image  showing  a  total  of 
four  SWCNTs  connected  to  both  electrodes,  (f)  Electrical  breakdown  experiments  of  the  device  in  e.  (g) 
Transfer  characteristics  of  a  multiple-nanotube-FET  before  (blue)  and  after  (red)  electrical  breakdown  with 
the  inset  SEM  image  showing  a  total  of  two  SWCNTs  connected  to  both  electrodes,  (h)  Electrical 
breakdown  experiments  of  the  device  in  g. 


Total 

devices 

Total 

SWCNTs 

Metallic 

SWCNTs 

Semiconducting 

SWCNTs 

Individual  SWCNT  FETs 

34 

34 

2 

32 

SWCNT  array  FETs 

93 

238 

6 

232 

All  FETs 

127 

272 

8 

264 

Semiconducting  SWCNT  ratio  =  264/272  =  97.1% 
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Table  1.  A  summary  of  the  total  number  of  SWCNTs  from  both  individual  and  SWCNT  array  FETs. 

In  order  to  shed  light  on  the  underlying  mechanism  for  the  chirality  mutation  during  the  VPE 
elongation  process  of  SWCNTs,  we  further  carried  out  density  functional  theory  (DFT) 
calculations  to  study  how  the  chirality  of  nanotubes  evolves  during  their  growth  process. 
Conversion  of  adjacent  hexagon-hexagon  (6-6)  pairs  into  pentagon-heptagon  (5-7)  defects  is  a 
potential  mechanism  by  which  SWCNT  chirality  would  change,  as  proposed  previously  by 
Smalley  and  Yakobson.59Each  6-6  —*■  5-7  conversion  changes  a  (5,  m)  SWCNT  into  a  structure 
that  could  be  a  template  for  the  succeeding  growth  of  a  (5,  m  -  1)  SWCNT.  DFT  calculations  (Fig. 
11a)  indicate  a  prohibitive  barrier  impedes  this  pathway  for  pristine  CsoHio  molecule.  However, 
the  barrier  for  6-6  —*■  5-7  conversion  reduces  by  a  factor  of  3  for  dehydrogenated  C50H10 
molecules,  that  is,  from  171.0  kcal/mol  (for  CsoHio)  to  62.8  kcal/mol  (for  C50H9,  which  is  the 
dehydrogenated  C50H10).  Fig.  1  lb,c  depicts  the  structures  of  the  transition  states  (TS)  for  both 
cases.  Because  oxygen  and  water  were  used  during  seed  pretreatment,  it  is  possible  that  this  could 
result  in  dehydrogenation  of  CsoHio  or  creation  of  some  other  active  radical  species  that  would 
have  similar  low  barriers  for  6-6  — >  5-7  conversion.  Such  active  species  would  promote  a  greater 
extent  of  chirality  change  during  nanotube  growth.  In  a  similar  manner,  consecutive  6-6  — ►  5-7 
conversions  can  take  place  from  the  intermediates  (or  templates)  for  growth  of  other  (5,  m) 
SWCNTs  (m=3,  2,  1)  (Figure  6d-f).59  DFT  calculations  further  show  that  these  processes  are 
promoted  when  the  6-6  — » 5-7  conversion  takes  place  adjacent  to  the  pentagon  of  an  existing  5-7 
defect,  producing  templates  for  the  growth  of  (5,  m  -  1)  SWCNTs.  The  barriers  for  these 
successive  transformations  are  lower  than  that  of  the  initial  (5,  5)  — ►  (5,  4)  transformation,  and 
reduce  slightly  in  the  order:  (5,  3)  ->  (5,  2)>  (5, 1)  ->  (5,  0)  >  (5,  2)  ->  (5, 1)  >  (5, 4)  -»•  (5,  3)  (Fig. 
lid).  The  trend  is  the  same  for  high  temperatures  of  1173  and  298.15  K.  The  possibility  of  such 
transformations  to  occur  can  be  described  as  the  exponential  factor  -(Eb/kT),  where  Eb  is  the 
activation  free  energy,  k  is  the  Boltzmann  constant,  and  T  is  the  temperature.  At  1173  K  (i.e.,  the 
nanotube  growth  temperature  used  in  this  study),  an  energy  barrier  of  Eb  =  60.8  kcal/mol  is  not 
very  high,  suggesting  that  these  steps  are  not  prohibitive  for  the  dehydrogenated  species.  With 
more  active  intermediates,  this  possibility  could  be  even  larger.  In  certain  degree,  these  theoretical 
results  reveal  the  changes  of  nanotube  chirality  after  growth  process.  However,  the  theoretical 
results  cannot  explain  why  there  are  no  (5,  5)  SWCNTs  grown  in  the  products.  The  lack  of  (5,  5) 
SWCNTs  is  still  very  puzzling  to  us  at  this  stage,  which  needs  further  study.  In  addition,  based  on 
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Raman  analysis  in  Fig.  9,  we  observed  that  some  nanotubes  have  diameters  larger  than  the  C50H10 
molecules,  for  example,  (8,  3).  These  nanotubes  presumably  originate  from  the  aggregation  of  a 
few  molecules  into  relatively  large  structures  and  consequently,  nanotubes  with  diameters  larger 
than  (5,  5)  were  grown. 

Previous  DFT  calculations  suggest  that  structure-dependent  stability  differences  of  metallic 
versus  semiconducting  SWCNTs  are  much  more  significant  in  the  small  diameter  regime  than  in 
medium  or  large  diameter  regime.60  As  nanotubes  grown  from  pretreated  C50H10  end-caps  possess 
exceptionally  small  diameters,  we  speculate  that  nanotube  diameter-induced  stability  differences 
between  metallic  and  semiconducting  SWCNTs,  which  may  play  a  central  role  at  the  very  small 
diameter  regime,  might  be  the  key  reason  for  the  preferential  growth  of  semiconducting  SWCNTs 
in  this  study.  The  nucleation  and  growth  of  such  small  diameter  SWCNTs  on  flat  substrates  may 
relate  to  the  special  molecular  seeds  used  here,  which  serve  as  nanotube  end-caps  and  stabilize 
nuclei  of  very  small  diameter  nanotubes. 
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Figure  11.  DFT  calculations  of  the  energy  profiles  of  the  (5,  m)  — ►  (5,  m  -  1)  chirality  transformations  and 
the  structures  of  the  transition  states  (TS).  (a)  Energy  barriers  of  (5,  5)  — >  (5,  4)  transformation  for  C50H10 
and  C50H9.  (b,c)  Structures  of  TS  of  the  (5,  5)  — >(5,  4)  transformation  starting  from  C50H10  and  C50H9, 
respectively,  (d)  Energy  barriers  of  (5,  m)  — >  (5,  m  -  1)  transformations  for  m  =  5,  4,  3,  2,  and  1,  starting 
from  C5oHm+4.  (e,f)  Structures  of  the  formed  (5,  4)  and  (5,  3)  chirality,  with  one  and  two  adjacent  5-7  pairs, 
respectively.  The  calculated  energy  includes  the  zero  point  vibration  energy  (ZPVE). 
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To  conclude,  in  this  section  of  the  report,  we  show  our  results  of  using  a  nanotube-end-cap 
molecule,  C50H10,  prepared  by  bottom-up  organic  chemistry  synthesis,  for  the  first  time  to  grow 
SWCNTs  having  nearly  pure  semiconducting  properties  via  metal-free  VPE  cloning  approach. 
This  study  not  only  establishes  an  efficient  approach  to  grow  nearly  pure  SWCNT  semiconductors 
but  also  provides  valuable  new  insight  into  the  selective  growth  mechanism  of  SWCNTs. 

Summary 

In  summary,  we  successfully  demonstrated  a  novel  and  robust  approach,  vapor-phase  epitaxy, 
for  producing  nanotubes  of  predefined  chirality,  by  combining  nanotube  separation  with  CVD 
synthesis.  Then,  we  further  carried  out  systematic  investigations  of  the  chirality-dependent  growth 
kinetics  and  termination  mechanism  for  the  vapor-phase  epitaxial  growth  of  seven  single-chirality 
nanotubes  of  (9,  1),  (6,  5),  (8,  3),  (7,  6),  (10,  2),  (6,  6),  and  (7,  7),  covering  near  zigzag,  medium 
chiral  angle,  and  near  armchair  semiconductors,  as  well  as  armchair  metallic  nanotubes. 
Furthermore,  we  explored  and  successfully  managed  to  elongate  organic  synthesized  (5,  5)  end- 
cap  molecules  into  small-diameter  nearly  pure  semiconducting  SWCNTs  with  YPE  cloning 
approach.  All  the  results  presented  in  this  report  not  only  demonstrated  a  highly  robust  strategy, 
VPE  cloning  approach,  to  achieve  chirality-predefined  synthesis  of  SWCNTs,  but  also  deepen  our 
understanding  of  the  chirality-dependent  SWCNT  growth  kinetics  and  the  underlying  mechanism. 
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